ABSTRACT The migratory locust, Locusta migratoria L., shows phase polymorphism in which various morphological, physiological, and behavioral traits change according to population density. Information about the reproductive behavior, particularly sperm competition and male-female associations, has been obtained mainly from crowd-reared locusts. To understand the reproductive strategy in different phases, i.e., solitarious versus gregarious phase, we compared the P 2 (i.e., the proportion of offspring sired by the second male to mate), length of pre-and postcopulatory mounting and length of copulation between solitarious (isolated-reared) and gregarious (crowd-reared) adults of this locust. We observed that solitarious adults had a higher P 2 value, shorter precopulatory mounting, and longer copulation than gregarious adults. A signiÞcant positive correlation between length of precopulatory mounting and copulation was found in gregarious adults, but not in solitarious adults in the two geographic strains used. Little or no postcopulatory mounting was observed in either phase. Pairing of crowd-reared males and isolated-reared females indicated that males did not play a decisive role in determining these behaviors. The results demonstrate phase-related differences in reproductive strategy that are likely to be adaptive for locusts facing a large variation in chance of encounters between the two sexes.
THE REPRODUCTIVE BIOLOGY of locusts has received much attention from researchers. It is well known that a male of the desert locust, Schistocerca gregaria Foskål, forms a postcopulatory association with his mate. As reported for many other insects (Alcock 1994) , this behavior prevents his partner from acquiring sperm from rivals and is thus adaptive, because locusts mate more than once and the last male fertilizes almost all eggs at the next oviposition in this species (HunterJones 1957 (HunterJones , 1960 . High sperm precedence by the last male to mate has also been suggested for the migratory locust, Locusta migratoria L. (Gregory 1965, Parker and Smith 1975) . In this species, however, the malefemale associations, such as mounting, are mainly precopulatory and had been regarded as guarding the female partner until the optimal moment for sperm transfer in terms of egg fertilization (Parker and Smith 1975) . However, a recent study using a genetic marker has demonstrated that the proportion of offspring sired by the second male to mate (P 2 ) in this species varies from 0 to 100% and that the precopulatory mounting has a function other than guarding or just waiting: prolonged precopulatory mounting increases the length of copulation, which in turn increases the P 2 (Zhu and Tanaka 2002) . These parameters are little inßuenced by the presence of a rival male.
In previous studies with locusts, experiments were conducted exclusively with individuals reared under crowded conditions (Uvarov 1966 , Reinhardt and Meister 2000 , Zhu and Tanaka 2002 . Locusts show phase polymorphism in which various morphological, physiological, and behavioral traits are changed greatly depending on population density (Uvarov 1966 (Uvarov , 1977 . They occur in two extreme phases, solitarious and gregarious, with intermediate forms in between. In this study, we compared the P 2 value, length of precopulatory mounting, and length of copulation between isolated-reared and crowd-reared locusts to understand the mating strategy of this species in different phases.
Materials and Methods
Experimental Animals. Two geographic strains of L. migratoria were used. One is an Okinawa strain established from several female adults collected in 1990. From this laboratory colony, several albino individuals appeared by mutation, and an albino colony was es-tablished as previously described Tanaka 1944, Tanaka 1993) . To obtain solitarious animals, Ϸ50 individuals from each colony were reared individually except for a few days for mating over two generations before the current study was undertaken. Crowd-reared animals were obtained from laboratory colonies that had been reared under crowded conditions at least for 70 generations. The other geographic strain was derived from Ibaraki, Japan, in 2001, and Þeld-collected last-instar nymphs were reared individually and used as isolated-reared individuals in one experiment. In another experiment, hatchlings obtained from eggs laid by Þeld-collected solitarious females were reared under isolated conditions. This Ibaraki population was in solitarious phase and no outbreaks have been recorded in Ibaraki for at least 50 yr ). More than 100 offspring obtained from Þeld-collected solitarious adults were reared under crowded conditions to obtain crowdreared individuals. Eggs, nymphs, and adults were handled as described . All observations were made using small screened cages (15 ϫ 28 ϫ 28 cm) in a rearing room (30 Ϯ 1ЊC and a 12-h photoperiod). During the observations, food was provided ad lib.
Sperm Competition Experiments. The albinism in our colony is controlled by a single recessive gene (Hasegawa and Tanaka 1994) and caused by the deÞciency of the dark-color inducing neuropeptide (TawÞk et al. 1999; Tanaka 1993 Tanaka , 2000 Tanaka , 2001 . Thus, albino females produce pigmented (normal colored) offspring when inseminated with a normal male, whereas they produce albino offspring when mated with an albino male. The sperm from normal and albino males can fertilize eggs equally well (Zhu and Tanaka 2002) . Sexually mature virgin adults of the Okinawa strain (Ϸ25 d old) reared under isolated conditions were kept individually and allowed to mate according to the experimental schedule. Each female was allowed to mate only once with a male, and only those females that produced fertilized eggs in the Þrst oviposition were used for experiments. All hatchlings obtained from each egg pod were reared until the third instar when the proportion of albino individuals was determined as in a previous study (Zhu and Tanaka 2002) . The results were compared with the previously published results for crowd-reared pairs (Zhu and Tanaka 2002) . These two experiments were conducted in the same way except for the rearing density.
Behavioral Observations. Lengths of precopulatory mounting, copulation, and postcopulatory mounting were measured for the Okinawa and Ibaraki strains by checking locusts every hour over three consecutive days according to the method of Zhu and Tanaka (2002) . As in the previous study (Zhu and Tanaka 2002) , only males showing genital contact with the female for at least 2 h were regarded as copulating. Sexually mature adults (Ϸ20 Ð25 d old) that had been reared either under isolated or crowded conditions were paired (one male and one female) in cages. During the scotophase, a small ßush light was used for observations as in our previous study (Zhu and Tanaka 2002) . Figure  1A shows the frequency of P 2 values for 26 isolatedreared albino females which were Þrst mated with an albino crowd-reared male, allowed to deposit one egg pod, and then mated with a normal isolated-reared male to determine the P 2 . The P 2 values for isolatedreared females greatly varied (Fig. 1A) , as observed for crowd-reared females, which were Þrst mated with an albino crowd-reared male and then to a normal crowd-reared male (Fig. 1B) . However, the mean P 2 value for isolated-reared locusts (mean Ϯ SD ϭ 76.4 Ϯ 30.3%; n ϭ 26) was signiÞcantly larger than that for crowd-reared locusts (52.5 Ϯ 35.4%; n ϭ 42; MannÐ Whitney U test; P Ͻ 0.05). The difference remained signiÞcant even after the individuals showing 0% P 2 were excluded from the crowd-reared group.
Results

Determination of P 2 in Solitarious Locusts.
Lengths of Precopulatory Mounting, Copulation, and Postcopulatory Mounting in Isolated-and CrowdReared Locusts. Adults of the Okinawa strain displayed a typical pattern of mating behavior (Table 1) as reported previously for this and other strains (Gregory 1965 , Parker and Smith 1975 , Parker et al. 1972 , Reinhardt and Meister 2000 i.e., prolonged precop- . Each virgin albino female was Þrst mated with an albino virgin male, allowed to deposit a Þrst egg pod, and mated with a normal virgin male. Each P 2 is based on three egg pods collected from each female after the second copulation. The results for crowd-reared individuals are derived from Zhu and Tanaka (2002) . ulatory mounting and copulation followed by little or no postcopulatory mounting. Mean length of precopulatory mounting was shorter in isolated-reared pairs than in crowd-reared ones, though the difference was not statistically signiÞcant. Isolated-reared pairs showed signiÞcantly longer copulation than crowdreared ones. Most copulations were preceded by precopulatory mounting and no signiÞcant difference was found in the incidence of precopulatory mounting between isolated-reared and crowd-reared pairs. The results for crowd-reared pairs were comparable to our previous results using the same strain (Zhu and Tanaka 2002) . The shorter precopulatory mounting and longer copulation associated with isolated-reared pairs were also observed in the Ibaraki strain (Table  2) . In this case, the differences between isolatedreared and crowd-reared locusts were signiÞcant in both mean lengths of precopulatory mounting and copulation (genital contact). The incidence of precopulatory mounting was high and was not inßuenced by the rearing density as in the Okinawa strain. Figure 2 illustrates the relationships between length of precopulatory mounting and that of copulation in isolated-reared and crowd-reared pairs of the two geographic strains. In both strains, there was a positive correlation between the two variables in crowdreared pairs, conforming to our previous results (Zhu and Tanaka 2002) . In isolated-reared pairs, however, no such relationship was found in either strain.
To determine the role of males in expression of these behaviors, isolated-reared females were paired with crowd-reared males. Mean lengths of both precopulatory mounting and copulation for these pairs (Table 2) were signiÞcantly shorter than those for crowd-reared pairs of the same strain (Table 1 ; P Ͻ 0.05; Mann-Whitney test) but similar to those for isolated-reared pairs (Table 1 ; P Ͼ 0.05). Furthermore, no signiÞcant correlation was obtained between length of precopulatory mounting and length of copulation (Fig. 3) as in isolated-reared pairs (Fig. 2A) . The results indicated that males did not show a decisive role in those behaviors.
Discussion
Solitarious and gregarious individuals of L. migratoria look so different in morphology, physiology, and behavior that they had been regarded as two different species until Uvarov (1921) formulated the phase polymorphism theory. Crowding is the major factor responsible for the shift in phase. Behaviors, such as aggregation and migration, have been most intensively studied in relation to phase variation, but mating strategy in different phases has not been observed. The current study indicates that isolated-reared adults, representing the solitarious forms, are apparently different in mating strategy from crowd-reared (gregarious) counterparts.
The P 2 value for isolated-reared adults varied greatly as in crowd-reared adults of L. migratoria. However, mean P 2 was signiÞcantly greater in the former than in the latter. In a previous study (Zhu and Tanaka 2002) , we have reported that the P 2 values are positively correlated with lengths of precopulatory mounting and copulation in crowd-reared locusts. In the current study, we conÞrmed this positive relationship between precopulatory mounting and copulation in two geographic strains of L. migratoria, but it was observed only in crowd-reared individuals in both strains. Furthermore, the precopulatory mounting of isolated-reared adults tends to be shorter than that of crowd-reared ones and the opposite is true for the length of copulation.
It is possible that these differences are related to population density or the chance of Þnding mates in Table 1 . Variation of lengths of precopulatory mounting, copulation, and postcopulatary mounting between isolated-reared and crowd-reared adults of L. migratoria the different phases. Field studies of S. gregaria adults indicate that intra-male competition for females is intense in the gregarious phase; males outnumber females at the pairing and oviposition sites, and there are Þerce struggles between males for the possession of females (Ellis and Ashall 1957, Popov 1958) . No similar observations of the behavior of L. migratoria are available, but studies with crowd-reared pairs in the laboratory indicate that physical attack and defense behaviors are also common in males of this species (Parker et al. 1972) . However, lengths of precopulatory mounting and copulation, as well as nearly absent postcopulatory mounting, were little inßuenced by the presence of a rival male (Zhu and Tanaka 2002) .
Finding a mate at low population density would not be as easy as it is at high density. In the solitarious phase, physical attack and defense behaviors would be less important than in the gregarious phase. However, locusts in copula may be exposed to a high risk of predation, because they cannot escape quickly by ßight when attacked (Zhu and Tanaka 2002) . Under such circumstances, relatively short precopulatory mounting would be adaptive for both sexes. However, the length of copulation cannot be shortened, because long copulation is required to ensure high rates of sperm precedence in this locust (Zhu and Tanaka 2002) . On the contrary, longer copulation could be selected for in the solitarious phase to ensure sperm precedence by the last male to mate in the relatively infrequent encounter with a female partner. This prediction is consistent with the present results, and pairing of solitarious females and gregarious males has demonstrated that males do not play a decisive role in expression of these behaviors. It is possible that females are more important than males in determining the lengths of precopulatory mounting and copulation. 3 . Relationship between length of precopulatory mounting (logarithmic scale) and length of copulation in isolated-reared females paired with crowd-reared males of the Ibaraki strain. Each female was kept with a single male over three successive days during the observations.
